Selection of a dominant follicle from a wave of follicles is manifested by diameter deviation between future dominant (F1) and largest subordinate (F2) follicles. On day -1 or 0 (day 0 = beginning of deviation), growth rate of F1 continues and growth rate of F2 decreases. Deviation occurs during the decline in the wave-stimulating FSH surge when F1 reaches means of 8.5, 10.5, and 22.5 mm in heifers, women, and mares, respectively. Diameter of F1 at the FSH peak vs at deviation is proportionally similar among these monovular species. In conventional deviation, F1 usually emerges first. In F1,F2-switched deviation, F2 is usually first to emerge and to reach a diameter characteristic of deviation. On day -1 or 0, the larger F2 and the smaller F1 switch so that the formerly larger F2 becomes subordinate and the formerly smaller F1 becomes dominant. In heifers and mares, the profile and prominence of the FSH surge are similar between deviation classes. Surge location relative to deviation differs so that the surge ends earlier in switched deviation. When the larger F2 reaches a diameter characteristic of deviation, FSH concentration is too low for continued growth of F2. The decrease in FSH ceases (heifers) or increases (mares) presumably from a decrease in FSH inhibitors; therefore, F1 continues to grow and becomes dominant. The frequency of switched deviation (e.g., 16 to 37% among species) can be problematic in follicle-selection research. Switching is a natural model for study of the interplay between follicles and FSH.
Introduction
Cows, mares, and women develop follicular waves during the estrous or menstrual cycle (interovulatory interval, IOI). Cows/heifers have two (e.g., 67% of IOI) or three (33%) follicular waves during an IOI [1] . Mares [2] and women [2] have one (e.g., 75% of IOI) or two (25%) waves. In each of these monovular species, the future ovulatory follicle is selected from the last wave of the IOI. A dominant follicle is selected in each follicular wave. The dominant follicle ovulates in ovulatory waves and regresses after becoming the largest follicle in anovulatory waves. The remaining follicles are termed subordinates. Selection of the dominant follicle is manifested by a departure in diameters between the two largest follicles in heifers [3] , mares [4] , and women [2] .
An FSH surge stimulates the emergence of each wave in heifers [5] , mares [6] , and women [7, 8, 9] . The surges are designated according to consecutive order of the associated follicular waves during an IOI (e.g., surges 1, 2, 3 for waves 1, 2, 3). The follicle that Figure 1 . Illustration of the association between the wave-stimulating FSH surge, growth of the future dominant follicle (F1), and future largest subordinate follicle (F2) during a common growth phase, and diameter deviation between F1 and F2 (upper panel). A period of transition or processing of F1 before diameter deviation is indicated. Mean diameters of F1 at the FSH peak and at the beginning of deviation based on published reports are shown for cows [10, 11, 17] , mares [2, 16, 25] , and women [2, 8, 9] . Profiles of F1 and F2 diameter changes for conventional and F1,F2-switched classes of deviation that are considered in this review are also illustrated (lower panel).
becomes dominant is often designated F1. The largest subordinate follicle may be designated F2 and is identified after inspection of an appropriate portion of the growth and regression of the group of subordinates. The F1 and F2 identities are usually maintained retrospectively throughout an experiment. The temporal relationships between diameters of F1 and F2 and the wave-stimulating FSH surge in monovular species are illustrated, and diameters of F1 at the surge peak and at deviation are shown (Figure 1) .
Follicle emergence refers to the day or hour when a follicle of a wave is first detected at a defined diameter. Emergence may refer to any stipulated follicle including the follicle that later becomes the dominant follicle or to the first follicle to reach a designated diameter regardless of destiny. Common growth phase is used for all follicles of interest during the interval from emergence of follicles of a wave to the beginning of a departure in diameter between the two largest follicles (Figure 1 ). After the peak of the wave-stimulating FSH surge, the follicles continue to grow despite the decline in FSH concentration until the end of the common growth phase.
Diameter deviation is the departure in diameters at the end of the common growth phase and is characterized by unabated growth rate of F1 and the beginning of a decrease in growth rate of F2 (Figure 1 ). In heifers [3] and mares [4] , deviation occurs near the nadir at the end of the decline in the FSH surge, whereas in women [9] the surge is broader and continues to decline well after deviation. Diameter of F1 at the FSH surge peak vs at deviation within each species is proportionally similar among species. It has been proposed that the deviation process represents the mechanism of selection of the dominant follicle from a wave of many follicles in heifers/cows [3] and mares [4] . The reference or normalization point in a focused experiment often uses the beginning of deviation and is designated as day 0 or hour 0. In observed deviation, the time of diameter deviation is based on inspection of the diameter profiles of the appropriate follicles in individual waves and is therefore subject to opinion. Expected deviation is the assumed diameter of F1 at the beginning of diameter deviation based on published reports of diameter at observed deviation. Expected deviation is used for convenience or standardization and becomes essential for experiments that interfere or prevent judging the day of deviation by observation. A transitional period or process occurs during the 12-24 h preceding diameter deviation in heifers [3] and mares [4] . During this period, positive enabling factors develop within F1 and increase the responsiveness of F1 to the declining portion of the wave-stimulating FSH surge.
Deviation classes are models that are used to study the mechanisms of deviation and are based on defined variation in the diameter characteristics of F1 and F2. Four classes of deviation have been described in heifers [10, 11] and mares [12] . Conventional deviation begins when F1 and F2 are 8.5 and ≥7.0 mm at expected deviation in heifers and 22.5 and ≥18.5 mm in mares. Defining the conventional class of deviation in heifers on the basis of an F2 that is ≥7.0 mm on day 0 is based on reports that a predeviation process or transitional period begins when F2 is ≥7.0 mm [13, 14] . Defining conventional deviation in mares by an F2 that is ≥18.5 mm on day 0 is based on proportionality between heifers and mares [12] . That is, 8.5 is to 22.5 as 7.0 is to 18.5. In F2-undersized deviation, F2 is <7.0 mm at expected deviation in heifers and <18.5 mm in mares. In codominant deviation, both F1 and F2 become future dominant follicles. In F1,F2-switched deviation, F1 and F2 exchange in diameter ranking on day -1 or 0. Examples of switched and conventional deviations are shown ( Figure 1, lower panel) . Conventional and switched are the only deviation classes considered in this review.
The F1,F2-switched deviation is an important phenomenon in monovular species. Switching can mislead researchers when studying the mechanisms preceding follicle selection. It cannot be assumed that sampling the largest follicle during the common growth phase or the first follicle to reach a diameter characteristic of deviation in a given species will become the dominant follicle. In addition, switching provides a useful natural model for study of the interplay between follicles and the factors that control deviation or follicle selection.
This review compares the classes of F1,F2-switched deviation and conventional deviation within and among the three most commonly studied monovular species and presents a postulate for an FSHdriven mechanism for switched deviation.
Nature of F1,F2-switched deviation and role of FSH
Based on the four classes of deviation, the frequencies of switched deviation in heifers [11] , mares [12] , and women [2] were 31/191 (16%), 5/21 (24%), and 11/30 (37%), respectively. The frequency of switched deviation was greater (P < 0.01) in women than in heifers and was intermediate in mares and not different from the other species. The frequency in heifers was not different between waves 1 and 2 or between the ovulatory wave 2 of two-wave IOI and the anovulatory wave 2 of three-wave IOI.
Graphs of mean diameters of F1 and F2 for conventional and F1,F2-switched deviations are shown for heifers and mares ( Figure 2 ) and women ( Figure 3 , lower panel). The classes were defined by the differences in the diameter of F2 in heifers [11] , mares [12] , and women. Conventional deviation is characterized by an abrupt separation of F1 and F2 at deviation. The switched classification stipulates that F2 is larger than F1 on days -1, 0, or both. The failure of the largest follicle (F2) to become the dominant follicle indicates that it may not have been exposed to a transitional period that would have prepared it to become dominant despite normal growth rate until switching in destiny. The similarities in diameters and growth rates for F1 between switched and conventional deviations ( Figure 2 ) indicate that F1 is not a participant in determining which deviation classification will develop. That is, the diameters of F1 were not usable for deviation classification except for defining the expected day of deviation. The growth rate of F1 in heifers increased between days -1 and 0 when switching in diameter occurred on day -1 and between days 0 and 1 when switching occurred on day 0 ( Figure 4 ) [11] . The growth spurt in F1 is attributable to an increase in FSH associated with the growth cessation of F2 and the presumed resulting decrease in circulating FSH inhibitors. A growth spurt in F1 has been reported for conventional deviation in heifers between days 0 and 1; growth spurt on days 0 to 1 was greater than on days -1 to 0 [11] . Growth spurts were not detected in mares but the number of waves studied was smaller.
A mean 1-day earlier emergence of F1 than F2 for conventional deviation is consistent with the literature in heifers [15] , mares [16] , and women [2] when averaged over all waves without regard to the differences in characteristics among the deviation classes. This is consistent with reports that F1 is usually the largest follicle in a wave when F1 is 3 mm [17] or 1 or 2 mm [18] . The averaging for all deviation classes in previous reports likely obscured the recent finding that emergence of F2 occurred about a day earlier than F1 as a prelude to switching between F1 and F2 (heifers [15] ; mares [12] ). Emergence of F2 earlier than emergence of F1 before switched deviation in each species was associated with similar growth rate between F1 and F2 during the common growth phase. The beginning of decreased growth rate of F2 occurred on average about 1 day before F1 reached day 0. The average decrease in growth rate beginning on day -1 reflects the occurrence of switching on day -1 in most waves and on day 0 in others.
The growth rate of F1 for several days before and after deviation was not different between switched and conventional deviations in heifers, but diameter averaged over days was slightly but significantly less for switched deviation ( Figure 5 ). Diameter of F2 was greater in switched deviation on day -1 in heifers [15] and days -3 to 0 in mares [12] . In heifers, the growth rate of F2 was less for switched deviation reflecting decreased diameter beginning on day -1 or 0 in individual heifers. During the portion of the common growth phase that was temporally associated with the decline in the FSH surge, Figure 2 . Mean ± SEM diameters of the future and established dominant follicle (F1) and the future and established largest subordinate follicle (F2) normalized to expected deviation for deviation classes of conventional and F1,F2-switched (F1 and F2 changed ranks on days -1 or 0). Adapted from [11] in heifers and [12] in mares with permission.
concentration was lower for switched deviation than conventional deviation in heifers and approached being lower in mares. The greater FSH concentration in conventional than in switched deviation in heifers, during the growth phase, likely accounted for greater growth rate of F2 on days -1 to 0.
Blood samples were available for the entire incline in the FSH surge for wave 2 in heifers [15] and for the ovulatory wave in mares Figure 3 . Mean ± SEM diameters in all waves of the dominant follicle (F1) and in waves with (∼40%) and without (∼60%) a predeviation follicle (F2) in the ovulatory wave of mares and women. The predeviation follicle is centralized to the mean day (day -1) of maximal diameter. In the lower panel (women), waves with a predeviation follicle have been considered using the format for F1,F2-switched deviation (F2 > F1 on day -1, 0 or both) normalized to the day of expected deviation (day F1 was closest to 10.5 mm). Adapted from [2] with permission.
( Figure 6 ) [12] . The profile and prominence of the FSH surge were similar between the two classes of deviation in each species. However, owing to differences in location of the surge relative to deviation, FSH concentration was lower in the switched deviation during the FSH decline. In mares, mean FSH at the beginning of the surge and at maximal concentration occurred 3 days earlier for switched than conventional deviation. In mares and heifers, FSH at the end of the surge occurred about a day earlier in switched deviation. In surge 2 of heifers, concentration of FSH in switched deviation did not change between days -1 and 0 but decreased in conventional deviation. In mares, concentrations of FSH increased in switched deviation on days -1 to 1 but not in conventional deviation. The discontinuation of the FSH decline on day -1 in heifers and the increase in FSH at the end of the decline on day -1 in mares in switched deviation occurred at the time of the switch in destiny for dominance from F2 to F1.
Predeviation follicle in mares and women
The solitary report [2] of a predeviation follicle in mares and women languished for 12 years until it was noted [12] that the F1,F2-switched deviation phenomenon in mares had the reported characteristics of a predeviation follicle in mares. A comparison of follicular waves [2] and associated systemic hormone concentrations [12] between mares and women disclosed that a predeviation follicle frequently (e.g., 24 to 37% of ovulatory follicular waves) develops in each species. A predeviation follicle in mares and women was defined as a follicle that is part of the ovulatory wave and was first to reach a diameter that would be expected of F1 at the beginning of deviation but then began to regress (Figure 3) .
The incidence of predeviation follicles was similar between mares and women and had the following average features in each species: (1) emerging earlier than the future dominant follicle, (2) growing at a rate similar to the future dominant follicle during the common growth phase, and (3) attaining a maximum diameter that was similar to or greater than diameter of the dominant follicle on day -1 or 0. In both F1,F2-switched deviation in heifers [11] and mares [12] and in a predeviation follicle in mares and women [2] , F2 usually emerges earlier than F1. The two follicles grow at a similar rate during the common growth phase. Owing to the similarity between the reported predeviation follicle in mares and women and Figure 5 . Mean ± SEM diameters of F1 and F2 and concentrations of FSH combined for waves 1 and 2 in heifers and ovulatory wave in mares for deviation classes of conventional deviation and F1,F2-switched deviation (F1 and F2 changed ranks on day -1 or 0). In heifers, the main effect of deviation class for F1 and the interaction of class and day for F2 were different (P < 0.05). In mares, F1 was not different between deviation classes. In F2, the interaction of class and day was significant owing to differences (P < 0.05) on days -3, -2, and -1. An asterisk ( * ) for heifers and mares indicates a difference (P < 0.05) between days within a group and between groups within a day. A hash mark (#) indicates an approaching difference (P < 0.10) between days (lower panel). Adapted from [15] in heifers and [12] in mares with permission. Figure 6 . Mean ± SEM concentrations of FSH during surge 2 in heifers and the surge associated with the ovulatory wave in mares for conventional and F1,F2-switched deviations. An incline and decline (P < 0.05) occurred for each surge with each species. The prominence and profile of the surges for 2 days before and after the peak (maximal mean concentration) were not different between the deviation classes within each species. In heifers, an asterisk ( * ) indicates a difference (P < 0.05) between surges within a day. The beginning mean for each surge was preceded by a lower value in some individuals. In mares, the difference between groups on days -3, -2, and -1 approached significance as shown in Figure 5 . Adapted from [15] in heifers and [12] in mares with permission.
the F1,F2-switched deviation class in heifers and mares, the predeviation follicle and switched deviation are considered to represent the same phenomenon. This has been confirmed herein in women by converting the predeviation follicle into F2 and using the format for demonstrating switched deviation in heifers and mares (Figure 3) .
Commonality in the mechanism for switched deviation among monovular species
Switched deviation occurs in each monovular species with appropriate studies (heifers, mares, women). The profiles of the FSH surges and the associated diameters of F1 and F2 in conventional and F1,F2-switched deviations have shown close temporal relationships between the two deviation classes and FSH concentrations in heifers [15] and mares [12] (Figures 5 and 6 ). The temporal relationships are compatible with known functional relationships between circulating FSH concentration and follicles [19] . A positive effect of FSH on follicles occurs during the incline and decline in the FSH surge and a negative effect of follicles on FSH occurs during the decline. The decline in the surge is attributable to follicle production of FSH inhibitors (inhibin and later estradiol) [3, 20] by each growing Figure 7 . Schematic for three monovular species of relationships between the FSH surge and diameters of the future and established dominant (F1) and largest subordinate (F2) follicles for F1,F2-switched deviation (red online and grey in print) and conventional deviation (black). Mean diameter of F1 at the FSH peak and at the beginning of expected diameter deviation is indicated for each species. The F1 diameter at the FSH surge peak vs at deviation within each species is proportionally similar among species. A positive effect of FSH on a follicle on a given half-day and a negative effect of the follicle on FSH are shown by vertical lines between the FSH surge and follicle diameter (days -4 to 0). The circled star indicates a critical period in switched deviation when the destiny for dominance switches from F2 to F1. When F2 reaches a diameter characteristic of deviation, (1) FSH concentration apparently is too low to activate a transitional period of predeviation processing (indicated by transition symbol without asterisks), and F2 is prevented from becoming dominant; (2) F2 begins to decrease in growth rate and regress presumably resulting in a decrease in FSH inhibitors; (3) decreasing inhibitors increases FSH concentration compatible with apparent activation of the transitional process (indicated by three asterisks) in F1 and growth continues; and (4) the switching procedure thereby results in the formerly smaller F1 becoming the dominant follicle. (Please see the online version for the color figure.) follicle when it reaches about 5 mm [21] . The follicles maintain their growth rate during both the incline and the decline in the FSH surge. Based on hormone receptors and follicular fluid factors in the future dominant follicle [22] in heifers [3] and mares [4] , diameter deviation is preceded by a transitional period of 12-24 h during which greater cell sensitivity to the lower concentrations of FSH develops in F1 than in F2 [3] . The temporal coupling between FSH and the follicles is close as indicated [23] by (1) an increase in FSH within an hour after ablation of follicles and (2) an increase in follicle diameter as detected by ultrasonic imaging within 3 h after FSH treatment. These relationships between FSH and follicle diameters apply to each growing follicle in addition to F1 and F2.
The postulated functional relationships between the FSH surge and diameters of the future and established dominant (F1) and largest subordinate (F2) follicles within F1,F2-switched deviation and within conventional deviation are shown for the three monovular species (Figure 7) . The postulate is based on the research reports discussed in the previous sections. Women are included in the diagram on a species-comparison basis and supported by the report of a predeviation follicle in women and mares [2] and by the conversion herein to switched deviation in women (Figure 3) . The indicated diameters of F1 at the peak of the FSH surge and at deviation are proportionately similar among the three species. A 2-to 4-day interval between the FSH peak and deviation is approximately equivalent among species. At the surge incline and peak, the effect between FSH and follicles is one-way involving FSH stimulation of the growing follicles. During the decline after the peak, the effect between FSH and the growing follicles becomes two-way involving continued FSH stimulation of follicles balanced against a negative effect of the follicles on FSH. The FSH surges are similar in profile and prominence between the two deviation classes. However, the surge peak and associated emergence of follicles at the indicated diameter for each species occurs a day earlier in heifers and 3 days earlier in mares for switched than for conventional deviations relative retrospectively to the day of deviation. Because of similar diameter and growth rate between F1 and F2 before switched deviation, F2 is first to reach a diameter characteristic of the beginning of expected deviation. By this time, owing to the earlier end of the FSH surge, FSH concentration is inadequate for a continuation of the growth rate of F2; diameter rank and destiny for dominance switches from F2 to F1. Speculatively, the low FSH concentration prevents the development of predeviation processing (transitional period) in F2. The loss of inhibitors from curtailment of follicle growth of F2 would account for the cessation of the FSH decrease (heifers) or the FSH increase (mares) to a concentration favorable to the continued growth rate of F1, and switching is thereby completed.
The interpretation for the role of FSH in the switching mechanism is compatible with experiments on expected deviation [22] in heifers [3] and mares [4] in which FSH increases and F2 becomes dominant when F1 is ablated. In heifers, the transitional period beginning after the future F1 is 7.0 mm involves increases in LH receptors and concentrations of estradiol and IGF1 in follicular fluid of F1 [3, 22] . In mares, transition in F1 begins about a day before the manifestation of diameter deviation. This has been demonstrated by an increase in intrafollicular IGF1 in F1 before the beginning of spontaneous [24] and experimental [25] diameter deviation and by ovulation stimulation of a 20-mm subordinate follicle with an intrafollicular injection of IGF1 [26, 27] .
Differences between switched and conventional deviations in heifers were not attributable to LH or progesterone. In addition, the frequency of switched deviation in heifers was not different between waves 1 and 2 even though the minor LH surge that encompasses deviation was greater and progesterone was lesser in wave 1 than in wave 2 [15] . It is likely that intrafollicular factors (e.g., insulinlike growth factor or IGF1, estradiol, hormone receptors) are different in F2 during F1,F2-switched deviation than during conventional deviation. Concentrations of intrafollicular factors for each deviation class are not available. Future studies are needed on the concentrations and role of intrafollicular factors and receptors among the deviation classes.
The switching in diameter rank before or at deviation would be recognizable if follicle diameters are monitored during both the common growth phase and after the beginning of expected deviation. If the follicles are terminally sampled or ablated before or at expected deviation for experimental purposes, it would not be feasible to identify the future dominant and largest subordinate follicles on the basis of diameter differences. Inaccuracies would be attributable to switching in diameter ranking with F2 remaining larger than F1 until day -1 or 0 in about 16 and 24% of waves in heifers and mares, respectively. In addition, codominant follicles (about 10% in heifers) would contribute to error. Outlying concentrations of intrafollicular fluid factors in F2 (e.g., estradiol, IGF1) near the beginning of deviation may be useful for identifying switching (low concentrations) or codominants (high concentrations). It appears that a productive line of research can be built around the intrafollicular aspects of the mechanisms of switched deviation.
Conclusions
Cows, mares, and women are monovular species. The selection of a dominant follicle or follicle diameter deviation has many similarities among the three species. Diameter of the future dominant follicle (F1) is similar between deviation classes within species from the day the wave-supporting FSH surge reaches a peak to the day that diameter deviation begins. Diameter proportionality between the peak of the FSH surge and deviation is similar among species. A substantial frequency (16 to 37% of waves) of F1,F2-switched deviation occurs in each species. Switched deviation involves emergence of a future largest subordinate follicle (F2) before emergence of F1. The F2 remains larger than F1 on average until a change in diameter rank occurs by the day before or on the day of deviation. The mechanism of switched deviation involves an FSH surge that is similar in prominence and profile between switched and conventional deviations. However, the surge begins earlier, and therefore the FSH concentrations during the surge decline are lower. The postsurge nadir is earlier in switched deviation and occurs on about the day of switching in diameter rank between F1 and F2.
